Chapter 6
Origin of the increased resistivity in epitaxial Fe 3 O 4 Films
Introduction
Magnetite films have received a lot of attention due to the combination of several interesting properties. These are the highly spin-polarised conduction electrons [2, 3] , the high Curie temperature of 858 K and the fact that these films show magneto-resistance behaviour [29, 109] . Epitaxial thin films of Fe 3 O 4 are known to exhibit an increased resistivity with respect to the resistivity of a bulk crystal. Furthermore, the resistivity of these films increases with decreasing film thickness [26, 25, 110] . In this chapter we will show that this behavior is related to the presence of a high density of anti-phase domain boundaries [23, 27, 29] . This explains the increase in resistivity with respect to bulk Fe 3 O 4 .
In the two previous chapters we have shown that it is possible to control the magnitude of the structural domains as a function of the growth parameters and the thickness of the films. As mentioned in chapter 2, the presence of the anti-phase domain boundaries influences the conduction in these films.
In this chapter we report on the relationship between the resistivity and the domain size of epitaxial Fe 3 O 4 films between 3 and 100 nm thickness grown on polished MgO substrates. The resistivity of the films is larger than the bulk resistivity and is increasing with decreasing film thickness. This can be explained by the significant decrease of anti-phase domain size with decreasing film thickness, as observed by transmission electron microscopy (TEM). The domain size decreases from 40 nm for 100 nm thick films, to 5 nm for 3 nm thick films. The effective conductivity has been modelled as a function of the bulk and boundary conductivities using the effective medium approximation. The thinnest films (25 nm and below) do not show a Verwey transition. It is suggested that the absence of the Verwey transition is also related to the very small domain size, which inhibits long range order.
Experimental
The epitaxial Fe 3 O 4 films were grown on polished magnesium oxide (MgO) substrates using Molecular Beam Epitaxy (MBE) in an ultra high vacuum system with a background pressure of 10
mbar. During deposition an oxygen pressure of 10
mbar and an iron flux of 1.25Å per minute were employed. The substrate temperature was 250
For the resistivity measurements, four contacts were made by depositing 20Å of Ti and 40Å of Au. Resistance measurements were performed in a Quantum Design PPMS system. The current was measured in the four point geometry by applying dc voltages, which yielded linear I/V curves. To study the films with transmission electron microscopy (TEM), specimens were prepared by floating the Fe 3 O 4 films off the MgO substrates in a 4 wt. % ammonium sulfate solution at 70
• C (343 K) [45] . The specimens were analysed in a JEOL 2000FX electron microscope operating at 200 kV. Dark field images were obtained using the (220) spinel reflection.
Results
The resistivity of the films vs 1/T, with T the temperature, is shown in Fig. 6 .1. The thinnest film, the 3 nm thick film, has the highest resistivity which is 30 times larger at room temperature (RT) than the bulk resistivity of 4 mΩcm. The resistivity decreases as the film thickness increases. This phenomenon has also been observed for Fe 3 O 4 films grown by pulsed laser deposition [110] . Because the resistance of the films is enhanced with respect to the bulk due to the presence of anti-phase domain boundaries, it is anticipated that the size of the domains varies with film thickness. Dark field transmission electron microscopy (TEM) images of the 3, 6, 12 and 25 nm thick films are shown in Fig. 6 .2. These images have been recorded using the spinel (220) by the linear intercept method, i.e. from the number of line crossings. The obtained value for the domain size is however too large, because only 4 out of the 7 possible APB shifts are visible in the dark field image when using the (220) reflection (only the APB with an out-of-plane shiftvector are visible). As explained in §5.3.3, the percentage of APBs with an out-of-plane shift vector is 55%. To obtain the actual domain size, these values obtained from the dark field image thus have to be multiplied by 0.55 to obtain the real domain size. The domain sizes and corresponding film thicknesses are shown in the first two columns of table 6.1. The domain size increases from 5 nm for the 3 nm thick film to 40 nm for the 100 nm thick film. The domain sizes D vs film thickness h are plotted in Fig. 6 .3a. We observe that D ∝ √ h and thus D ∝ √ t, with t the deposition time.
From Fig. 6 .2 it becomes clear that the APBs are not simply formed in the first layer during deposition and continue to grow through the film as more material is deposited. We explained in chapter 4 that the domains grow in time by a diffusive motion of the APB. The cause of this effect is probably that the domain boundaries are high energy areas and the energy of the system can be reduced when the total domain wall area is reduced, for more details we refer to chapter 4 and to reference [111] . Fig. 6 .3b shows the room temperature conductivity (i.e. 1/resistivity) versus film thickness. The conductivity increases from 7.5 (Ohm cm) for the 100 nm thick film. From figures 6.3a and b it is thus clear that as the domain size increases with film thickness, so does the conductivity. The conductivity sharply increases for the thinnest films, and has nearly approached the bulk value for the two thickest films (50 nm and 100 nm). The resistivities and conductivities are shown in the third and fourth columns of table 6.1. 
where φ b and φ AP B are the volume fractions of the bulk and anti-phase boundary phases, such that φ b + φ AP B = 1. If we assume square shaped domains with an average size D and a domain boundary of thickness d (see Fig. 6 .4) φ b can be calculated as:
Inserting φ AP B = 1 − φ b into equation 1, we obtain for the effective conductivity:
The conductivity versus 1/D at RT and 150 K is shown in at RT and 150 K respectively. The value for the boundary width is very reasonable compared to the line width of the boundaries in Fig. 6 .2, from which d is estimated to be 1-3 nm. Inserting d 
Discussion
Also noteworthy is the absence of the Verwey transition for the thinnest films (25 nm and below) and a lower T v for 50 and 100 nm thick films (see Fig. 6 .1). Epitaxial stress and a structural coupling between the film and the substrate have been suggested as possible origins of these effects [25] . However, also Fe 3 O 4 films on MgAl 2 O 4 , which are relaxed because of the large misfit (4 %) show similar resistivity behavior. The resistivity is also increased with respect to the bulk and is thickness dependent [25, 26] .
Fe 3 O 4 films on MgAl 2 O 4 also exhibit an APB network [114] . Therefore, it is more likely that the domain structure causes the absence of the Verwey transition. As was pointed out by Ihle and Lorenz [22] , both electron correlation and electron-phonon interactions play a role in the conductivity behaviour of Fe 3 O 4 . For the Verwey transition to occur, long range order (LRO) of the Fe
2+
and Fe
3+
ions at the octahedral lattice sites is necessary. Recently Wright et al. [39] have obtained direct crystallographic evidence for long range ordering on the octahedral iron sites. The epitaxial films contain a high density of APB and at these boundaries the nearest neighbor configuration is disturbed. In fact, the domain size for the 3 nm thick film is so small that the domains consist only of a few unit cells. This very small domain size can inhibit long range order. Below T v the resistivity of the 50 and 100 nm thick films (which do exhibit a Verwey transition) is larger than the resistivity of the thinner films which do not exhibit a Verwey transition, see also Fig. 6 .1. This is possibly due to the fact that in the 50 and 100 nm thick films charge ordering occurs which increases the bulk resistivity by two orders of magnitude. As discussed above, this charge ordering does not occur in the thinner films with small domain sizes. The resistivity of the thickest films therefore increases sharper at T v , giving rise to a higher resistivity than for films without a Verwey transition. This is the reason that the effective medium approximation has not been employed below T v , because the bulk conductivity of the thickest films increases by two orders of magnitude and can become comparable to the boundary conductivity. Ultrathin Fe 3 O 4 films also have a vanishing remanent magnetization and in-plane anisotropy below a thickness of 10 nm [115] . For thicker films, the in-plane anisotropy resembles the bulk anisotropy with [110] as the easy direction. A possible explanation for the reduction of the anisotropy and vanishing remanence with film thickness is the large APB density and complicated domain structure for these ultrathin films. This leads to very complicated magnetic interactions on a small scale, which in turn could cause the randomisation of the magnetisation. Indeed, recent measurements suggest this system to behave as a spin glass [116] .
Conclusions
Epitaxial Fe 3 O 4 films grown on MgO substrates show an increased resistivity with respect to the bulk and the resistivity increases with decreasing film thickness. The increase in resistivity can be explained by the presence of anti-phase domain boundaries in the films. The thickness dependence of the resistivity is related to a significant decrease in domain size with 6.4 Effective medium approximation for the conductivity in Fe 3 O 4 films
Thus far, the effective conductivity, σ e , of Fe 3 O 4 films containing anti-phase boundaries was not known and assumed to be an (unknown) function of the bulk conductivity σ b and the boundary conductivity σ AP B [29] . A suitable model to describe the total conductivity is the effective medium approximation (EMA) for a two-phase composite, which was originally derived by embedding a circular inclusion into a homogeneous medium [112] . Torquato and Hyun have shown [113] that the EMA is also valid for a two dimen-decreasing film thickness. The relationship between the resistivity and APB structure is important for the application of these films in device structures. The effective conductivity has been modelled using the effective medium approximation. From fits to the experimental data a value of 2 nm is found for the width of the domain boundary. For films with a thickness of more than 10 nm, the effective conductivity can be modelled as a function of the bulk conductivity and the fraction of bulk material. The thinnest films (25 nm and below) do not show a Verwey transition. This is probably also due to the very small domain sizes, which inhibit long range order. This very small domain size for ultrathin film also provides an explanation for the reduction of the anisotropy energy for those films, even though the precise details remain unclear.
